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1, 


Introduction, 


A  number  of  reports  presenting  the  results  of  free  flight 
tests  to  determine  the  aerodynamic  heating  characteristics  of 
pointed  cones  have  been  published  in  recent  years.  Generally, 
these  tests  were  made  for  specific  cone  semi-angles  and 
trajectories.  The  present  report  correlates  the  available 
free  flight  data  for  all  the  available  test  results  and  compares 
it  with  the  existing  theories  on  aerodynamic  heat  treinsfer  to 
pointed  cones. 

Simple  ’incompi'essible*  and  'compressible'  correlations  of 
all  the  data  are  first  presented  and,  after  a  detail  assessment 
of  the  probable  errors  in  the  experimental  measurements,  points 
having  an  accuracy  of  -  10^^  or  less,  are  retained  in  tho  rest  of 
the  analysis.  In  particular,  the  analysis  has  been  aimed  at 
investigating  the  following  toplcs:- 

a)  Prediction  of  heat-transfer  rates  (l.e,  Stanton  numbers) 
and  wall  tempsie.tures, 

b)  Finding  evidence  in  support  of  Reynold's  analogy, 

o)  Temperature  recovery  factor  values. 

d)  The  effect  of  cone  semi— angle  on  the  heat  transfer  rate. 

Owing  to  tho  small  quantity  of  laminar  flow  data  presented  it 
was  decided  to  oarry  out  an  investigation  of  tho  turbxilent  flow 
data  only. 

Section  2  gives  details  of  the  methods  used  to  reduce  and 
present  tho  data,  and  Section  3  presents  a  discussion  of  the 
results.  The  final  conc3.usioiis  of  the  investigation  are  noted 
in  Section 


2*  Data  reduction  and  presentation  of  results. 
2,1,  Data  Reduction  Programme 


Experimental  data  from  free  flight  tests  is  TinmiAny 
presented  in  the  non-dimensional  fonn  of  local  Stanten 
number  or  as  a  dimensioned  heat  flux,  A  data  reduction 
programme  v/as  written  to  reduce  all  the  data  to  a  common 
form  for  the  purposes  of  correlation.  Variable  speoiflo 
heat  calculations  were  made  throughout  and  the  Eokert 
reference  temperature  was  deduced  from  the  reference 
enthalpy  given  belovv  (in  the  xisual  way), 

1*  -  1,  .  0.5  (1.  -  i,)  H.  0.22 

»iti  (1  ♦  ^4-!.  mJ) 

and  r  a  0,89  (Turbvilent  flow  conditions  only  have 
been  considered), 

N.B.  All  Symbols  are  given  in  Appendix  I, 


tiuo  fe  ru- 
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2*2«  Ereaentatlon  of  Results. 

(a)  ’Incompressible*  correlation.  (Nu^ 

Fig,  1  shows  the  correlation  of  data  tr<M  five 
flree  flight  tests  in  the  ’incompressible*  form  of 
Nu^vs  Resp.  The  theoretical  curves  for  incompressible 
flow  derived  in  Appendix  II  arc  also  shown  on  Pig,  1* 

(b)  Fig,  2  shows  the  results  from  six  free  flight 
tests  correlated  on  an  "intermediate  flow  oonditlonB” 

*/  *\2/3  * 

basis  in  the  form  (Pr  vs,  Re^,  The 

corresponding  theoretical  curves  derived  in  Appendix  II 
are  also  shown, 

(o)  Estimation  of  probable  errors  in  the  measured  Stanton 

numbers. 


^  It  is  shown  in  Appendix  III  that  the  errors  in 
S'^  are  related  to  those  in  S't  as  follows t- 

SM  C:-.:  ( 

The  fimction  (T  derived  from  equation  (3) 

of  Appendix  II,  is  shewm  in  Fig,  3  for  the  flight 
data  of  Ref,  5»  The  values  of  O'  S’^S^  were  evaluated^ 
as  functions  of  the  flight  time,  at  one  station  on 
each  of  the  cones  analysed. 


(d) 


The  results  for  the  chosen  station  wore  then 
assumed  to  apply  to  the  other  measuring  stations, 
Ii^Fig,  4,  the  results  with  less  than  lOjS  error  in 
S^*  are  presented  in  the  same  form  as  Pig,  2,  (The 
error  in  is  negligible).  The  vortical  lines 
attached  to  each  point  on  the  plot  indicate  the  « /« 
probable  range  in  which  the  parameter  %  (l^*) 

lies.  The  points  for  which  the  estimated  probable 
errors  in  do  not  exceed  1C^  are  retained 
throughout  the  rest  of  the  restilts  presented.  The 
transitional  points  shown  on  Pig,  2  are  also  dropped 
from  Pig,  4  and  later  plots. 


The  estimated  errors  in  Re  (See  Appendix  IH) 
aro-such  that  they  will  not  influence  significantly 
the  correlation  presented  in  Pig,  4, 

Effect  of  basing  Re  on  distanoe  measured  ft*om 

transition  point. 


Of  the  reports  analysed  only  Ref,  5  presented 
data  for  the  location  of  transition  along  the  cone 
surface.  For  this  data  it  was  therefore  possible 
to  introduce  a  modified  Reynolds  number  defined  asj- 

(it  . 

as  a  basis  for  correlating  the  heat  transfer 
measurements  in  turbulent  flow.  Pig,  5  shows 
th,  «riatlon  of  ^ 

o,Tp;.r.^' ' 
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(e)  The  effect  of  cone  angle  on  the  ratio  of  conical  to 
flat  plate  values  of  the  heat-transfer  coeffj^edent , 

A  correction  factor  relating  conical  flow 
conditions  to  those  on  a  flat  plate  may  be  expressed 
in  the  form 


S*  (P  '^) 

^  ^  t  '  r  '  cone 

s'  rp  S  2/3 

t  r  ^  flat  plate 

By  finding  the  values  of  S.  (P  )  compared 

with  the  flat-plate  value  of  this  parameter  for  the 
same  local  flow  conditions  for  one  cone  angle,  the 
experimental  value  of  ^  was  evaluated  from 


n 


i  y 


m  t=  1 


)  %L, 

g  /p  'S  i/i - 

h  •  ^^r  ^  Plate 


(urtiere  n  a  no*  of  experimental  points). 


.(1) 


The  arithmetic  mean  was  used  since  the  number  of 
points  available  for  evaluating  ^  for  each  flight  were 
insufficient  to  Justify  finding  standard  deviations  by 
the  root  mean  square  method. 


Van  Driest  in  Ref  12,  has  suggested  that  g  should 
be  a  constant  independent  of  Mach  number,  Reynolds  nttmber 
and  cone  angle  (providing  this  is  not  too  large).  The 
value  of  ^  suggested  is 

C  =  (2)  —  1,15. 

The  values  of  ^  derived  from  the  results  for  six 
flights  using  equation  (l)  are  shown  in  Pig,  6  together 
with  the  theoretical  lino  ^ta  1,15  as  a  function  of  the 
cone  semi-angle  0. 


Correlation  of  the  parameter  r 

with  the  intermediate 

Hi  I  ( 

temperature  ratio  T  /T. . 

\  J 

In  Appendix  II  part  2,  it  is  shewn  that  the  ratio  of 
compressible  to  incompressible  Stanton  numbers  depends 
essentially  upon  the  ratio  I^'/T.  ,  The  relation  derived 
in  Appendix  II  is:-  ' 

The  theoretical  values  of  S^.  wero  derived  ftrom  the 
Rrandtl-Schlichting  inccanpressible  skin  friction  ooeffioient 
formula  (Equation  (7)  of  Appendix  II)  and  modified  to 
conical  ^ewr  conditions  using  the  factor  1,15*  The 
correlation  of  the  ratio  (S^J  exp/s^  with  (r/T^)  is  shown 

in  Pig*  7  together  with  a  plot  of  the  theoretical  curve 
given  by  the  equation  quoted  above, 

nroT*' 'T' 
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(g)  Correlation  of  the  experimental  resiilts  in  the  form 

Mach  number  and  wall  temperature  ratio  Tv^^^  , 

In  order  to  obtain  the  dependence  of*  Stanton  number 
on  Mach  number  the  restilts  derived  from  five  fTee-flight 
tests  are  plotted  seperately  in  Pigs.  8  (a)  to  (o)  in  the 
form, 


^^)e3q5  Yg 

(St)i  1 

(where  was  found  by  the  method  described  in  the  previous 

Section)  Inspection  of  equations  (6),  (8)  and  (9)  in 

Appendix  II  show  that  such  a  correlation  is  strongly 
dependent  upon  the  values  of  Tw/T-j  and,  to  a  much  lesser 
extent ,  upon  the  value  of  the  local  Reynolds  number  Re^ • 
Owing  to  the  inevitable  small  variations  in  Tw^T-i  for 
each  experimental  point,  the  results  are  presented  in 
ranges  of  Tw/T^ ,  each  range  having  a  separate  symbol  as 
shown  in  the  figures. 


The  theoretical  curves  were  derived  from  eqtiations 
(4)  and  (8)  of  Appendix  II  and  are  presented  for  the 
maxiraTin  and  minimum  values  of  Tw/T^  encountered  during 
flight  and  are  based  on  the  mean  Reynolds  number 
the  tine  measiirements  were  made, 

(h)  R  eyn(^j^^  Am  1  ^yJPa  ctor 

As  shOTm  in  Appendix  II  piirt  3,  it  is  possible  to 
obtain  estimates  of  Reynolds  analogy  factor  from 
ejqjcrimontal  measurements  of  Stanton  number*  Pigs  9  and 
10  shot/  the  values  of  Reynolds  analogy  factor  found  from 
six  free  flight  tests  as  functions  of  Re  and  local  Mnrth 
number  respectively.  On  both  these  plots  the  value 
S  a  Pj,  -i/JJ  suggested  by  Colburn  (Ref  13)  are  shown  for  the 
purpose  of  comparison, 

(i)  Recovery  Factor  Data. 

As  explained  in  Appendix  II  part  4#  it  was  not 
possible  to  obtain  reliable  estimates  of  the  turbulent 
temperature  recovery  factor  from  the  flight  tests 
presented  in  Refs  2,  3  &  6,  However,  in  seeking  for 
trends  of  the  recovery  factor  vd-th  local  Mach  number  and 
Reynolds  number  these  results  eire  presented  in  Pigs  11 
and  12  respectively.  Ref,  7  also  presents  results  for 
recovery  factor  measurements  on  the  NA.CA  RM-10  missile 
and  these  are  more  reliable  than  those  ^vist  mentioned. 
These  have  also  been  presented  on  Pigs,  11  and  12, 

Various  theoretical  values  are  also  shown  on  Pig,  11 
and  extrapolated  data  from  Ref,  9  on  continuous  flow 
tunnels  is  shown  for  comparison  on  Pig,  12, 

(•))  Wall  temperature  measurements 

In  order  to  assess  Hill's  method  (l^ef,  10)  for 
predicting  the  wall  temperature  of  thermally  thin 
diiring  flight,  two  specimen  calculations  of  wall 
temperature  vrriation  based  on  Hill's  method  were  made 
for  two  extreme  values  of  the  cone  semi-angle.  Hill's 
equation  is  presented  in  Appendix  II  part  5,  snd  the 
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value  of  G  was  found  for  an  average  value  of  the  wall 
temperature  over  the  time  range  investigated.  The  heat 
transfer  coefficients  were  evaluated  from  Van  Driest ’s 
theory  (Ref.  11).  The  results  for  a  typical  fully 
turbulent  station  on  the  cone  tests  reported  in  Refs,  2 
and  6  are  shown  in  Pigs  13  and  14  respectively.  The 
radiation  terms  wore  not  included  in  these  calculations. 


Discussion, 


3.1*  Nusselt  Number  and  Sttmton  Number  Correlations, 


Correlations  on  a  Nusselt  or  Stanton  number  vs, 

Reynolds  number  basis  arc  shewn  in  Figs,  1 ,  2,4 
and  5»  The  results  shown  on  Pig,  1 ,  which  are  on  a 
local  flow  conditions  basis,  show  that  the  trend  of  the 
experimental  results  follows  that  predicted  by 
incompressible  flow  theory. 

If  the  results  are  corrected  for  compressibility 
effects  using  the  Eckert  reference  temperature  correction 
method,  they  can  be  re-plotted  in  the  form  3:|f  (Et*) 
vs,  R^  -,  This  plot  is  shown  in  Pig,  2  and  it  will  be 
seen,  by  comparison  with  Pig.  ^  ,  that  the  experimental 
points  are  in  much  better  agreement  with  the  theoretical 
curves.  The  results  from  Ref.  3  for  'intermediate' 

Reynolds  numbers  greater  than  about  2  x  10'  lie  well 
above  the  theoretical  predictions.  However,  since  these 
results  are  derived  from  one  particular  flight  a  modification 
of  the  theory  in  this  region  is  not  justifiable. 

The  results  shown  on  Pig,  4,  include  all  the  points 
shown  on  Pig,  2,  for  which  the  error  in  St*  is  estimated 
to  bo  loss  than  about  10^.  (See  section  2.2,c,  and 
Appendix  III),  VTithin  this  band  of  accuraiqy  the  results 
(excluding  those  from  Ref,  3)  show  no  definite  bias  towards 
either  theoretical  curve  presented.  Even  considering  the 
points  ViTith  the  smallest  errors  the  distribution  about  the 
two  theoroti^l  linos  remains  fairly  random.  The  results 
shown  for  Re  greater  than  about  2  x  10'  still  lie  well 
above  either  theoretical  lino.  Despite  the  fairly  good 
accuracy  of  these  points  as  estimated  on  the  assumptions 
described  in  Appendix  III,  it  is  quite  possible  that  they 
may  be  in  error  due  to  an  error  peculiar  to  that  flight 
^'^^ch  13  not  accounted  for  in  the  general  en*or  analysis 
presented  in  this  report. 

Considering  the  results  shovm  in  Pigs.  1,  2  and  4,  it 
may  be  concluded  that ,  the  recommended  curve  for  turbulent 
heat-transfer  to  pointed  cones  will  give  a  reliable  estimate 
of  heat— transfer  to  pointed  cones  at  least  up  to  local 
Reynolds  numbers  of  5  3C  10'.  To  confirm  the  recommended 
curve  for  local  Reynolds  numbers  greater  than  5  x  10'  would 
require  more  experimental  evidence  than  that  currently 
available  from  free  flight  tests. 
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As  previously  described  in  Section  2,2, d,  it  was  only 
possible  to  invcstif?ate  the  influence  of  transition  on  the 
correlations  for  the  results  of  Ref.  5.  Comparing  the 
results  shovm  with  the  corresponding  ones  on  Fig,  4^  the 
correlation  is  not  significantly  improved  by  the  modification 
described  in  section  2.2,d,  Points  such  as  those 
for  Ref.  3.  previously  fliscussod,  however,  could  well  fall 
on  the  theoretical  curves  when  correlated  on  the  basis  of 
Pig,  5*  It  may  be  concluded  from  this  that,  if  reliable 
deductions  arc  to  be  made  from  free  f?.ight  moasuromonts  of 
aerodynamic  heating  phenomena,  more  effort  should  be  put 
into  providing  a  means  of  locating  the  transition  point 
during  flight  than  appears  to  have  been  put  into  this 
problem  to  date. 


^e  effect  of  cone  angle  on  the  correction  factor  applied 
to  flat  plate  theoiy  to  estimate  conical  flow  values  of 
the  Stanton  number. 


Pig,  6  shows  the  variation  of  the  correction  factor 
defined  in  section  2 .2,0,,  with  cone  semi-angle  0,  Owing  to 
the  random  ^stributi on  of  the  experimontal  values  of 

S't  about  the  theoretical  lines  discussed  in  the 

proceeding  s  cction  and  also  to  the  relatively  few  cone 
an^'les  investigated,  no  definite  trend  of  with  0  is 
fo\md.  This  result  points  to  the  need  for  free  flight 
tests  to  be  carried  out  for  a  wider  range  of  cone  angles 
than  those  hitherto  tested. 


Cqrirolatlon  of  the  paraiiioter  (Sf)  cxp,/SlM  with  the  intermediate 
temperature  ratio  and  Mach  number , 

Pig.  7  shows  a  cowclation  of  the  pxrpc-rimental  rcsiats 
in  the  form  of  (St')  ex-p/(f3i-)i  against  T^'/T^ .  Within  the 
error  bands  previously  soloctod  for  the  an.alysis  (Section 
2»2,c),  the  results  agree  with  the  simple  theoretical  law 
derived  in  Appendix  II  part  2,.  With  the  results  coirclatod 
in  this  manner,  it  can  be  seen  that,  on  average  the  simple 
theory  for  conical  flow  conditions  generally  overestimates 
local  Stanton  number  and  henco,  overostiraates  the  local  heat- 
transfer  coefficient. 

Pigs  8  (a)  to  (o)  are  an  attempt  to  show  the  effevt  of 
local  Mach  number  on  the  value  of  Stanton  number.  Owing  to 
tho  fact  that  the  values  of  Tw/T-|  in  flight  generally  increase 
with  Mach  nxamber  it  is  aliaost  impossiblo  to  present 
cjqjcrimcntal  data  for  constant  values  of  Tw/Ti  as  a  function 
of  local  Mach  number.  The  plots  show  that  tho  data  is  in 
fair  agroonont  with  the  theoretical  predictions  of  Madi 
number  effects. 


Reynolds  Analogy  factor  and  recovery  factors , 

Pig,  9  shows  thojvariation  of  Reynolds  analogy  factor 
with  Reynolds  number  based  on  intemediate  tempera tuire 
conditions  and  Pig,  10  shows  the  some  factor  as  a  function 
of  Mach  number,  Tho  theoretical  value  of  Reynolds  analogy 
factor  based  on  a  Prandtl  nvunber  of  0,72  represents  a  good 
mean  through  tho  data.  In  addition  to  this,  it  may  be 
concluded  that  Reynolds  analogy  factor  for  pointed  cones 
is  Independent  of  both.  Mach  number  and  Reynolds  number  for 
tho  range  of  these  pararaeters  investigated. 
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Nothing  nay  be  concluded  frora  the  part  of  the 
investigation  dealing  with  the  recovery  fdctors.  The 
estinated  recovery  factors  are  shown  as  functions  of  the 
local  Mach  nunbor  and  Reynolds  nunber  in  Figs,  11  and  12 
respectively.  Crudely,  the  data  in  Fig.  11  shows  a 
tendency  for  the  recovery  factor  to  decrease  with 
increasing  loc"J.  Mach  number,  as  predicted  by  Tucker 
and  Maslcn  (Ref.G),  but  is  by  no  moans  cpnclusivo.  The 
reasons  for  these  poor  results  for  the  recovery  factor 
are  detailed  in  Appendix  II  part  4.  Fig,  12  docs  not 
show  any  distinct  evidence  that  the  recovery  factor 
decreases  with  increasing  Reynolds  number  as  observed 
by  MorAghan  in  Ref  (9)  from  a  survey  of  continuous  flow 
tunnel  measurements. 

Estimation  of  wall  tempcrat^^^e3, 

A  comparison  of  the  theoretical  and  caqjerimental 
variation  of  wall  temperature  with  tine  for  two  typical 
mghts  i§  shown  in  Figs,  13  and  14.  The  results  shown 
for  the  5  semi-angle  done  on  Fig,  13,  show  excellent 
agreement  with  the  theoretical  prediction  based  on  Hill's 
method  (Ref,  10)  using  V“an  Driest*  s  theory  for  predicting 
the  heat-transfer  coefficients  (Ref.  11 ). 

The  rcsiilts  for  the  35°  semi-angle  cone,  however, 
not  quite  as  good,  there  bcini?  a  discrepancy  of 
9?o  between  the  predicted  and  measured  maximum  temperatures, 
theoretical  prediction  can,  of  course,  be  improved 
by  making  allowance  for  radiation  effects  which  were  not 
included  in  the  present  calculation. 

Bearing  in  mind,  from  the  results  shown  in  Fig.  4, 
that  the  theoretical  Stanton  numbers  for  these  flights 

experimental  Stanton  numbers  by  the  order 
of  10%,  Hill's  method  con  be  said  to  give  an  excellent 
prediction  of  the  wall  temperature  for  thin  skins. 


4*  Conclusions. 


1)  Some  attempt  should  bo  made  to  obtain  free  flight  heat- 

transfer  measurements  at  Reynolds  nurabors  greater  than  10* 
wnere  the  available  results  appear  to  be  unreliable,  * 

Owing  to  the  low  Mach  nionbcr  range  covered  by  the  free 
flight  data  availablo,  it  is  proposed  to  extend  the  present 
correlation  to  higher  Mach  numbers  using  wind  tunnel  results, 

3)  Where  possible,  every  effort  should  bo  made  to  obtain 

evidence  of  transition  location  during  flight  so  that 
reliable  estimates  of  tho  effective  Reynolds  number  in 
tvirbiilont  flow  can  bo  made. 


^  a*  influence  of  cone  angle  on  tho  magnitude  of  tha 

Stanton  number  compared  with  the  equivalent  flat  plate 
Stanton  number  could  be  established  from  the  results. 

This  ^s  primarily  duo  to  tho  small  range  of  cone  angles 
investigated  in  free  flight.  If  more  free  flight  tests 
^e  it  woujd  be  worth  investigating  cone  semi-angles 
in  tho  range  15  to  30  , 
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Tho  trends  of  the  experiraentol  results  follow  the 
theorotlool  predictions  in  the  main,  except  for  t^  results 
available  at  Reynolds  nunbers  greater  than  2  x  10  * 

Reynolds  analogy  factor  was  found  to  bo  independent  of 
both  Mach  nuiaber  and  Reynolds  number  as  predicted  by  simple 
thooiy. 

Recovery  factor  data  deduced  from  tho  presented 
e3q>erlmontal  results  arc,  in  general,  lansatisfaotoiy.  This 
is  primatlly  duo  to  the  small  s  oalos  used  for  pirescntlng 
wall  temperature  -  time  plots  in  tho  reports  and  tho  look 
of  tabulated  values  of  tho  actual  measured  wall  temperatures* 

Hills  method  for  predicting  tho  temperature  of  thermally 
thin  skins,  when  used  in  conjunction  with  Von  Driest' s  theory 
for  predicting  tho  heat-transfer  coefficients,  give  reliable 
estimates  of  the  wall  temperature* 
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Appendix  1 
List  of  Sypbola 


a 

o 


a 

h 


Speed  of  soiind  ft/sec. 

Specific  heat  of  skin  material  C,H,U/lb  °K, 

Local  skin  friction  coefficient 

Specific  heat  at  constant  pressure  C,H,U./lb  °K. 

also,  pressure  coefficient  p  ~ 

i  XH*.  p«N. 

Thermal  capacity  of  thin  skins,  (pci),  CHU/ft^-'^, 

Local  convective  heat  transfer  coefficient  Cm/ft^/Be</°K 


■  — il _ 

(Tr-Tvv) 


i 

Local  static  enthalpy 

CHU/lb 

k 

Thermal  conductivity 

CHU/ft/seq/^ 

1 

Skin  thickness 

ft 

M 

Mach  number 

Nusselt  number  (h  Vk). 

P 

Pressure 

Ib/ft^ 

Rmndtl  number 

(  4  0/k) 

<1 

Heat  flux 

CHU/ftVsec. 

Re 

Reynolds  number 

(,Wn) 

r 

Temperature  recovery  factor. 

3 

Reynolds  analogy  factor 

/  s-t) 

2 

St 

Stanton  number 

(h/fiOC) 

T 

Temperature 

°K 

t 

Time 

sec. 

U 

Velocity 

ft/sec. 

X 

Distance  along  cone  surface  measured 

from  tip. 

ft 
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y 

e 

0 

u 

p 

r 


Ratio  of  spoclfio  heats 
Emissivlty 

Cone  aomi-angle  Degrees 

Viscosity  Ib/ft-seo. 

Density 

Deviation  in  a  paraneter;  also  Stefan  Boltsnann 
oonstant.  COJ/ft^/aw/^ 


Subs  print  B 

1  Local  oonditions  at  boundazy  layer  edge* 

••  Ibreo  stream  conditions* 

1  Incompressible  flow* 

r  Recovery  oonditions, 

s  Stagnation  oonditions* 

T  Transition 

W  Wall  oonditions. 


Supers print 

•  Evaluated  from  the  Eckert  reference  enthalpy* 
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Appendix  II 

Summary  of  theoretical  equations 


^rosaiona  relating;  Stojiton  nimber  and  Musselt  number  to 

Reynolda  Jluraber  and  Prandtl  ntuaber  for  turbulent  flow  an  a 


The  ainpleat  relation  between  C»  and  R  ia  given  by  the 
eqiiation  *  q  =>  j 

-  0.0552 

Mid,  using  the  nodlfled  Reynolds  ————— 
Analogy  due  to  Colbum 

2 

we  obtain  for  the  Stanton  number  in  incompreaaible  flow, 

Sjs  «  0.0296  *'2/3  -1/5 

_  (2) 

Further,  we  note  that  ia  given  by 

"  ^r.  ^e.  ^ 

and  substituting  this  expression  into  eqmtion  (2)  yields, 

N  .  «  0.0296  Re  ♦  V5 

-  (3) 


The  Staton  number  in  compressible  flow  is  fovind  from 
equation  (2)  using  tiie  •intermediate*  temperature  technique 
due  to  Eckert  noting  that,  ** 


S.. 


3J 


T 

T* 


where,  S,^  *  a  0.0296  (P  (r  *)-V5 


.(4) 


.(5) 


“  tonpomturo  T*^.p„„dl„g 
1*  =  +  0.5  (i„  -  1^)  +  0.22  (1^  -  i^) 


.(6) 


to  altematlve  egression  for  the  Inconpressihlo  local  skin 
friction  coefficient  is  the  Prandtl-Schlichting  formula  (Ref,l4), 


0.288  (log^lj 

-•S' 


.(7) 


\  ■  V 
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and,  corresponding  to  this  there  can  be  obtained  the 
following  relations; 

\  “  O-I'A  (log,o  E^)  -  2.W  _ ^(8) 

“^(Vccmp.  al  (log^o 

^  P 

_ (9) 

Eqiiations  (3)  f  (5)i  (6)^  and  (9)  can  be  applied  to  conical 
flow  by  multiplying  the  right  hand  side  by  tho  factor ,1.15. 


A  Simplified  Relation  between  3^  and  3^ 

eqns.  (l)i  (4)  and  Reynolds  analogy |  wo  may 

write, 


3,  =  0.0296  (i!^*)-'/’(p^*)-S/3 


and, from  equation  (2) 


a  0.0296 


Hence, 


.(10) 


.(11) 


i  ■  &) 


^3 


.(12) 


and,  assuming  (a)  P^,  ca;  P^ 

(b)  Ii  jxI  t0»7 
equation  (l2)  reduces  to 

o  fT 

1^1  J 

* 

•niiere  T  is  found  from  eqtaation  (6) 


.(13) 


Reynolds  analogy  factor. 

^  Reynolds  anailogy  may  be  written, 

5  " 


and,  compressible  flow  using  the  Prandtl-Schliohting 

equation  (eqn,7),  is 


r 


I*'' 
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[^]  .  o.m  [£.*]  (log^o  r;)  - 

Plate  ^  P  J 

•■•fe]  *  1.15  fOfl 

^  ITJ  plate. 


.(15) 


Thus,  oonbining  equations  (15)  and  Si-  foimfl  *u^ 

^erlBentally  measured  Stlnton  number  is 


3  «  ^*039  (Sj)  exp.  J 


ipL 


(^^  ^Eprojclmto  doterraingtlon  of  tho  rAaororv  fnntgi... 

«,a  A  balance  for  an  clement  of  the  akin  neclectinc 

conduction  along  the  skin  and  internal  radiation 


.(16) 


G  dTw 


^  =.  h  (T  -T  )  ♦ 

.Q4.  '  T*  Ml'  ^ 


dt  '  r  "w'  ""  ®w  ^  w 


.(17) 


and,  for  zero  convective  heat  transfer  this  becomes 


dt 


- (18) 


G  dTvf 

lir 


.(19) 


+^J^t  1=®°Perature  at  this  time  is  equal  to  the  reooverv 
^SSioi^*"*  ®  recovery  factor  is  evaluated  from  th7 


r 


.(20) 


°°th°a  for  profflLctia^  .nn  toapeiatura.,  na  th...... 


_ttin_sWns. 

tiee  ^g\eX*  ia”ia14 

^rm  •**  (^^  -  hTy  +  2/s  QI,y)^J 

(^5)  G  4  h 

'  '  in  m 

where  m  and  m-1  refer  to  two  successive  times  and  S  is  the 
time  interval  for  the  calcul«jj.t4ioi^iP=^|^ 
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^  gariMATION  OF  PROBABLE  ERRORS  IN  MEASURED  FTP^WPnw  wraiR^^  my 

Following  the  procedvre  for  estimating  etrrors  in  ST  desorlbed  in 
Ref,  7,  wo  define, 


(1) 


where  <r^  is  the  error  in  ^  due  to  orrors, 

0*.  in  the  quantities  tjf  . 

The  total  error  in  ^  due  to  errors  in  J  quantities  is  then 


By  oonsidering  the  probable  errors  in  the  individual  measured 
or  derived  quantities,  tabulated,  the  probable  error  in  Stanton  mudber 
oan  be  shown  to  be, 


( 


/TOTAL 


iS 


4- 


C.l6M^  +  |T^(l-r)0.01 


♦  0,0C«32 


(3) 


(N.B.  T  in  °R  in  above  equation). 

Table  of  probable  errors  (After  Ref.  7), 


Quantity 

Error 

20°R 

T  shield 

20°R 

Poo 

0.013 

T 

OO 

1°R 

u 

00 

V  ft/sao 

dTy/dt 

1°H/seo 

e 

0.03  € 

0 

®w 

0.02 
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2  PROBABLE  ERRORS  IN  8T*.  Er*  AMD  Re*  WHICH  OCCim  IN  THK  nOBPieL^jro^ 

(a)  Error  In  31* 


ST*  -  (ST)  - M 

Henoe,  using  equation  (1), 


andf  similarly, 


Then,  using  equation  (2), 

m  ■[(*)’■  _ <« 

TOTAL  ^ 


Noir,  for  the  oondltlons  covered  by  the  investigation  it  can  he 
shown  that 


P,/P*  ST 

Hence,  equation  (7)  heoomes 


(t) 


Error  in  R** 


(8) 


It  is  readily  shewn  that  errors  in  R**  will  lie  in  the  range 
i0»0003*  Henoe, 


Fr* 


0  . 


(o)  Error  in  Re* 

By  using  equations  (I)  and  (2)  it  oan  he  shown  that  errors  in 
Re*  due  to  errors  in  T*,  p  ,  U  and  T  will  he 

'  00  00  00 
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FIG.4.  variation  OF  Re*  FOff  POINTS  HAVING  ERRORS  IN  S/ ^  \  oY* 


CONFlOlNTlAL-^ 

",  \ 

\  ''' 


RGSA<v  •> 


T^JT. 

Symbol 

10-1*5 

X 

1*5-20 

o 

20*2*5 

A 

2*5*30 

a 

3-0-3-5 

THEORETtCAL  LINES  SHOWN  ARE 

BASED  ON  EQN.(8)OF  APPENDIX D. 


lO 


0.8 

A 


0.6 


0*4 


(o)  Rgf.  5. 

s  *  'o’ 

/l!5ttl*25 
'  T, 

St, 

X 

A 

A 

2 

a 

o 

A 

M, 

^  s3*2 
•  • 

O 

20 


2*5 


30 


3*5 


4*0 


FIG.e.(o  to  g]  variation  OF{(S^txp/StilwiTH  local  MACH 

NUMBER  AND  WALL  TEMPERATURE  RATIO 


09 


0-7 


f 


0-5 


0*3 


(b)  Rgf.  4 

Rg  =3*7>»lO*^ 

(St)gxp 

A  ^  S*^"**" — 

fli  A 

1  a 

A  ^  a 

9 

—  0 

Q  Qo 

? 

▼ 

< 

1  - 

) 

a 

- ►  M, 

^  =  3-2 

M 

V 

30 


3  5 


40 


4*5 


SO 


FIG.  9.  VARlATtON  OF  REYNOLDS  ANALOGY  FACTOR  /a Vs  I  WITH  Re 


-  CONnorNTTAl.  - 


FIG.  M.ai2. 


lO 


0-95 


O.  9 


0*8  *- 


•■I 

- h - 

-  ,  —  -w  -  -  ^ 

4- 

r=Pr^ 

— 

4- 

— 

r=Pr^ 

f 

L 

1 

M.  — 

-t- 

- -i: 

2-4 


2*8 


32 

'A 


3  6 


-Tuckgr&Mo»lcn  For  (Rcf.S.) 


40 


FIG.il.  VARIATION  OF  TURBULENT  FLOW  TEMPERATURE 
RgCOVERY  FACTOR  WITH  LOCAL  MACH  NUMBER 
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